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Multimodal gatingThe ankyrin transient receptor potential channel TRPA1 is a sensory neuron-speciﬁc channel that is gated by
various proalgesic agents such as allyl isothiocyanate (AITC), deep cooling or highly depolarizing voltages.
How these disparate stimuli converge on the channel protein to open/close its ion-conducting pore is
unknown. We identify several residues within the S6 inner pore-forming region of human TRPA1 that
contribute to AITC and voltage-dependent gating. Alanine substitution in the conserved mid-S6 proline
(P949A) strongly affected the activation/deactivation and ion permeation. The P949A was functionally
restored by substitution with a glycine but not by the introduction of a proline at positions −1, −2 or +1,
which indicates that P949 is structurally required for the normal functioning of the TRPA1 channel. Mutation
N954A generated a constitutively open phenotype, suggesting a role in stabilizing the closed conformation.
Alanine substitutions in the distal GXXXG motif decreased the relative permeability of the channel for Ca2+
and strongly affected its activation/deactivation properties, indicating that the distal G962 stabilizes the open
conformation. G958, on the other hand, provides additional tuning leading to decreased channel activity.
Together these ﬁndings provide functional support for the critical role of the putative inner pore region in
controlling the conformational changes that determine the transitions between the open and close states of
the TRPA1 channel.© 2009 Elsevier B.V. All rights reserved.1. Introduction
Transduction ion channels gate in response to a variety of
external signals and this process is critical for the proper function-
ing of sensory neurons. One such transduction protein belonging to
the transient receptor potential (TRP) channel superfamily of cation
channels, the ankyrin TRPA1, is required for the response to various
proalgesic agents such as allyl isothiocyanate (AITC), cinnamalde-
hyde, tear gasses, deep cooling, hypertonic and mechanical stimuli
or highly depolarizing voltages [1–8]. In addition, TRPA1 is activated
by calcium ions that enter through the channel and bind to its N-
terminus [9,10]. Despite a wealth of pharmacological and functional
data on TRPA1, little is known about the processes by which this
channel undergoes conformational changes that open and close
(‘gate’) its ion-permeable pore. The growing amount of evidence on
the polymodal nature of TRPA1 indicates that such gating process
must involve a multitude of interactions differentially coupling the
conformational changes to gate opening induced by all of these+420 29644 2488.
a).
ll rights reserved.activating stimuli (AITC-binding site, EF-hand Ca2+ binding domain,
cold, mechanical or voltage sensor). In particular, the fact that the
TRPA1 channel dynamically controls its critical properties such as
unitary conductance and open channel probability depending on the
permeating calcium ions [9–11] makes understanding the gating
process a complex exercise.
Like other members of the TRP channel superfamily, TRPA1 is
thought to be a homotetramer assembled with fourfold symmetry
around a centrally located aqueous pore [12,13]. All experimental
data obtained so far on various TRP channels [14–19] and the
recently determined electron cryomicroscopical 19 Å structure of the
vanilloid receptor TRPV1, a TRPA1-related channel [20], corroborate
a general topological model in which each subunit of the channel
contains six transmembrane spanning domains (S1–S6) with a pore-
lining P region linking the S5 and S6 domains. The carboxyl-terminal
portion of the S6 inner helix probably forms the most constricted
region of the permeation pathway, and might therefore encompass
an as-yet-unmapped gate of the channel. The potential role of this
domain in the gating of TRPA1 channel has not been previously
characterized.
Here, we used scanning mutagenesis of the residues within the
putative inner pore S6 region of TRPA1 with the aim of under-
standing of how this channel opens and closes its pore in response
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speciﬁc domain plays an active role in AITC and voltage-dependent
channel gating and identify several residues that are critical for
controlling this process.
2. Materials and methods
2.1. Expression and constructs of hTRPA1 channel
HEK293T cells were cultured in OPTI-MEM I medium (Life
Technologies) supplemented with 5% FBS as described previously
[18,21]. Cells were transiently co-transfected with 300–400 ng of
cDNA plasmid encoding wild-type or mutant human TRPA1 (wild-
type in the pCMV6-XL4 vector, OriGene) and with 300 ng of GFPFig. 1. Control experiments for functional screening of putative inner pore region (Q940-E96
TRPA1 (GenBank accession number NM_007332) with that of rTRPA1 (NM_207608), hNaV
(P63142.1), KcsA (P0A334) and hHCN2 (AAC28444.2). Protein sequences were aligned usi
Zappo score colors. Conserved amino acid residues proposed to serve as gating hinges in so
region of TRPA1 based on the Kv1.2 structure after reﬁnement by 20 ns of molecular dynami
The residues selected for mutagenesis are indicated. Aliphatic residues are in light green, sma
group of hydrophobic residues. Polar residues are in magenta and the negatively charged in r
isothiocyanate (AITC) in wild-type hTRPA1-expressing cell at −70 mV. Bar indicates durat
(inset; holding potential,−70 mV; voltage steps from−100 mV to +200 mV; increment, +
200 μM AITC (open squares). (E) Averaged voltage–current relationships and tail current
determined at the end of the 60 ms voltage pulses, at the times indicated in D.plasmid (TaKaRa) per 1.6-mm dish using the Magnet-assisted
Transfection (IBA GmbH) method. Cells were used 24–48 h after
transfection. At least two independent transfections were used for
each experimental group. The wild-type channel was regularly tested
in the same batch as the mutants. The mutants were generated by PCR
using the QuikChange XL Site Directed Mutagenesis Kit (Stratagene)
and conﬁrmed by DNA sequencing (ABI PRISM 3100, Applied
Biosystems).
2.2. Electrophysiology
Whole-cell membrane currents were recorded by employing an
Axopatch 200B ampliﬁer and pCLAMP9 software (Molecular Devices).
Patch electrodes were pulled from a glass tube with a 1.65 mm outer6) of human TRPA1 channel. (A) Sequence comparison of the inner S6 domain of human
1.5 (ABR15763), hCaV2.3 (L27745), hKir2.1 (AF011904), hTRPV1 (NP_542436.2), rKV1.2
ng MUSCLE multiple alignment software (http://www.ebi.ac.uk/Tools/muscle/) with
me of the channels are indicated with bold type. (B) Homology model of the S5-P-S6
cs. Two of the four channel subunits are viewed from the side (a) and from the top (b).
ll hydrophobic residues in dark green, and aromatic residues in brown form together the
ed. Proline is colored blue. (C)Whole-cell current induced by application of 200 μM allyl
ion of drug application. (D) Activation of wild-type TRPA1 by a series of voltage steps
20 mV) recorded in control extracellular solution (open circles) and in the presence of
amplitudes from 7 independent recordings using the protocol shown in D. I–V curves
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was 3–5 MΩ. Series resistance was compensated by at least 70% in all
recordings. The current density was obtained by dividing the
estimated peak current by the whole-cell capacitance. For single-
channel measurements in cell-attached mode, data was ﬁltered at
2 kHz (−3 dB, four-pole Bessel ﬁlter) and digitized at 20 kHz. A
standard halfway threshold method was used to idealize the single-
channel recordings. Experiments were performed at room tempera-
ture (23–25 °C). Only one recording was performed on any one
coverslip of cells to ensure that recordings were made from cells not
previously exposed to chemical stimuli.
2.3. Experimental solutions
A system for fast superfusion of the cultured cells was used for
drug application [22]. The extracellular control solution contained
(mM): 160 NaCl, 2.5 KCl; 1 CaCl2, 2 MgCl2, 10 HEPES, 10 glucose;
adjusted to pH 7.3 and 320 mOsm. In whole-cell patch clamp
experiments, the pipette solution contained (mM): 125 Cs-gluconate,
15 CsCl, 5 EGTA, 10 HEPES, 0.5 CaCl2, 2 MgATP; pH 7.3, 286 mOsm. ForFig. 2. Screen of the inner pore region for AITC and voltage sensitivity of TRPA1. (A) Exam
transfected with the mutant TRPA1 channels that exhibited the most prominent phenotyp
Representative current traces in response to a family of voltage steps (protocol as in Fig. 1D)
Current-voltage (I–V) relationships obtained from the recordings such as shown in B, measu
presence of AITC (open symbols) normalized to the control response at +200 mV. (D) Summ
AITC and by voltage (+200 mV). (E) The effects of AITC on the maximal, voltage-induced a
normalized to the response measured in the absence of AITC for each construct. Each bar is
(⁎, Pb0.05). Dotted line indicates no potentiation.cell-attached recordings, standard bath solutionwas used in the patch
pipette. The Ca2+-free bath solution contained (mM): 150 NaCl, 10
HEPES, 2 HEDTA. For ion permeability experiments, the high Ca2+
bath solution contained 128 CaCl2 and 10 HEPES (pH 7.3 with NaOH)
and the pipette solution contained (mM) 5 EGTA, 3 CaCl2 (100 nM free
Ca2+), 145 CsCl, 2 MgATP, 10 HEPES; pH 7.3 with CsOH. AITC solution
was prepared from a 0.01 M stock solution in water stored at−20 °C.
Cinnamaldehyde solutionwas prepared from a 0.1 M stock solution in
dimethyl sulfoxide so that the ﬁnal concentration of DMSO in the
solutions applied to cells was 0.1%. All chemicals were purchased from
Sigma-Aldrich.
2.4. Molecular modeling
The three-dimensional model of the S1–S6 module of human
TRPA1 (G715-C1025) was built using the input sequence of hTRPA1
(GenBank accession number NM_007332.2). Secondary structure
prediction gave additional information in clarifying the secondary
structure elements in the non-membrane regions. The Kv1.2
structure (PDB ID:2A79) was used as a template. The unknownsples of whole-cell currents elicited by 200 μM AITC from HEK293T cells transiently
ic changes. Dashed lines indicate zero current level. Holding potential −70 mV. (B)
in the absence and in the maintained presence of AITC (200 μM) preapplied for 20 s. (C)
red at the end of 60-ms voltage steps in the absence (superimposed solid lines) and the
ary of the mutagenesis results. Average whole-cell current densities evoked by 200 μM
ctivity of TRPA1 mutants. Whole-cell currents obtained in the presence of 200 μM AITC
the mean±SEM of at least four independent cells. Statistical signiﬁcance is indicated
Fig. 3. Voltage-dependent gating of TRPA1 pore mutants. (A) Outward rectiﬁcation
properties (I+120 mV/I−60 mV) reﬂecting the effects of mutations on voltage-dependent
gating. Each bar is the mean±SEM of at least four independent cells. Statistical
signiﬁcance is indicated (⁎, Pb0.05). (B) (upper panel) Averaged voltage-induced
currents obtained using protocol as in Fig. 1D from 5 cells expressing WT or L959A
channel. Dashed line indicates zero current level. (lower panel) Current–voltage
relations for themeasurements such as shown in the upper panel. Note the saturation of
the current at +200 mV in the L959A mutant.
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segment topology was determined according to [23]. Several three-
dimensional models of the S1–S6 module of human TRPA1 from
G715-C1025, including all non-hydrogen atoms, were then built and
examined using the package Modeller 9v2 [24]. The ﬁnal proposed
model was ﬁtted onto the tetrameric structure of the potassium
KcsA channel (PDB ID:1BL8) and then embedded into a pre-
equilibrated POPC bilayer. Molecular dynamic simulations in
GROMACS 3.3.3 [25] of 20 ns at 300 K were run to reﬁne the
system and test its robustness during the simulation.
2.5. Statistical analysis
All data was analyzed by pCLAMP 9.0 (Molecular Devices), and
curve ﬁtting and statistical analyses were done in SigmaPlot 10 (Systat
Software). Statistical signiﬁcance was determined by Student's t-test
or the analysis of variance; differences were considered signiﬁcant at
Pb0.05. Current–voltage (I–V) relationships were obtained from
steady state whole-cell currents measured at the end of 60-ms
voltage steps from−100 to +200 mV in increments of +20 mV. The
relative permeability PCa/PCs was calculated based on the reversal
potential (Erev) of the currents measured ﬁrst in Ca2+-free bath
solution and then in the high Ca2+ bath solution (with Ca2+ as the
only permeant ion) according to the rearranged constant-ﬁeld
equation PCa/PCs=([Cs+]i/4·[Ca2+]o) exp (ErevF/RT) (exp (ErevF/
RT)+1), where F is the Faraday's constant, R is the gas constant, and T
is temperature [12]. The permeability ratio PNa/PCs was calculated
according to equation PNa/PCs=exp (ErevF/RT). The reversal potential
was corrected for the liquid junction potential (in the range 2 to
5 mV). All data is presented as mean±SEM.
3. Results
3.1. Mutations within the putative S6 inner helix identiﬁed the residues
involved in AITC and voltage-dependent activation and deactivation
of TRPA1
In seeking to identify the site(s) required for the functioning of
the TRPA1 channel pore, we were guided by a sequence comparison
between the putative pore-lining S6 segment of human TRPA1
(Q940-E966) and the pore domains of various related P-loop
containing channels with available structural and functional infor-
mation (Fig. 1A). The residues selected for mutational analysis were
further substantiated with homology modeling based on the
structure of the Kv1.2 channel (Fig. 1B). The activation properties
were initially tested at a holding potential of −70 mV by recording
whole-cell currents in response to two consecutive 20–30 s
applications of a supersaturating concentration of allyl isothiocya-
nate (AITC; 200 μM) interspersed with an ∼2 min wash. The time of
exposure to AITC was prolonged in those constructs that exhibited
slower or incomplete activation kinetics.
As expected [1,7,11], the AITC-induced responses mediated
through wild-type TRPA1 channels were multiphasic with an initial
gradually increasing phase followed by an abrupt (Ca2+ dependent)
increase in current that occurs a few seconds after AITC was applied to
the cell for the ﬁrst time (Fig. 1C). The steep secondary phase of
activation was invariably followed by an apparent decline in maximal
current amplitude, elsewhere referred to as channel inactivation [11]
(measured as the time, relative to the peak, by which the currents had
decayed to 50% of their maximumvalue at−70mV, T50 of 17.6±3.6 s;
n=6). Voltage-dependent gating properties were explored in another
set of experiments, using a stimulation protocol consisting of depo-
larizing voltage steps (from−100 to +200 mV, increment +20 mV),
ﬁrst in control bath solution, then in the presence of AITC (200 μM)
preapplied for 10–30 s, until the peak amplitude was reached (the
voltage step protocol was applied at the peak amplitude; Fig. 1D, E),and then after washing out AITC (∼60 s). In control bath solution, the
voltage-gated ionic currents mediated by wild-type TRPA1 did not
exhibit signiﬁcant changes in their I/V characteristics upon repeated
voltage stimulation.We quantiﬁed themaximal response at+200mV
with and without AITC. In all cases, 60 ms depolarizing steps to
voltages up to +200 mV were insufﬁcient to reach saturation of the
tail currents obtained at−70 mV. Similar observations were reported
by previous studies [4,26,27].
The averaged results on the overall sensitivity of the mutants to
AITC and voltage are summarized in Fig. 2. Mutation N954A generated
a constitutively open phenotype, suggesting that this residue is
essential for stabilizing the closed conformation of the channel gate.
This mutant was still able to adopt its inactivated conformation after
the application of 200 μM AITC, which indicates that the channel's
intrinsic gating is independent of the inactivation mechanism. The
phenotype of AITC-induced activation of the G962A mutant clearly
differed from wild-type channels in that the steep secondary phase
only developed upon prolonged (N40 s) application (Fig. 2A). In
P949A, N954A, V961A, L955G, and D963N, such a biphasic activation
was never observed. Mutation G958A signiﬁcantly slowed down the
rate of inactivation observed upon prolonged (greater than 50 s)
exposure to 200 μM AITC (T50 of 38.0±2.8 s; n=5; P=0.007). The
voltage proﬁles in S943A, F944A, P949A, N954A, L955G, G958A, and
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(I+120 mV/I−60 mV). Mutation L959A caused slowing of the
deactivation kinetics (Fig. 3B). Speciﬁcally in this mutant, deactiva-
tion time constants and the relative proportion of fast deactivation
(Afast/(Aslow+Afast)) were determined from double exponential ﬁts
to the decay of tail currents elicited by sudden repolarization from
+200 mV to −70 mV. The estimated time constant of the slower
component of tail currents was signiﬁcantly prolonged in the
L959A mutant (τslow=78.0±10.3 ms; τfast=7.7±1.2 ms; n=5)
compared with the wild-type channel (τslow=44.4±10.3 ms; τfast=
7.5±0.9 ms; n=12). Also, the relative amplitude of the initial
rapid phase of the deactivation was signiﬁcantly lower in L959A
(Afast=33.4±4.3% for L959A versus Afast=67.1±8.5% for wild-type).
We also tested the impact of the mutations at S943 and I946, since
these residues have been recently reported to be critical for species-
speciﬁc activation by thioaminal-containing compounds [28]. AITC
sensitivities in S943A, I946M, and I946L and, notably, the voltage-
induced sensitivities in the latter two mutants resembled those of
wild-type TRPA1.
3.2. P949 as a critical residue for mediating AITC and voltage-induced
activation
Our initial screen of the putative S6 inner pore helix identiﬁed
P949 as a residue critically involved in TRPA1 channel functionality.
This residue aligns with a highly conserved glycine hinge located near
the middle of the S6 in many Kv channels and may form a potential
hinge point. The conserved tandem proline-containing motif PVP
contributes to the gating of these channels by forming a kink in the
lower part of S6 [29]. We explored whether the FVP motif containing
P949 may play an analogous role in TRPA1. We expected that if the
destabilized or bent conformation of the inner S6 helix favored by
P949 is required for channel gating, the P949A mutant might beFig. 4. At position 949, TRPA1 only tolerates a residue that allows for conformational ﬂe
dramatically different AITC and voltage-dependent gating properties than wild-type and P94
potential,−70 mV) were recorded in control extracellular solution and in the presence of 2
preapplied for 3 min. (C–E) The P949G mutant channel exhibits near-to-normal responsive
recordings such as shown in D. Maximal voltage-induced currents measured at the end o
isochronal tail current amplitudes weremeasured 1.3ms after returning to the holding poten
and voltage-dependent activation of the P949A/I950P double mutant. At constant positive h
robust slowly developing outward currents, (full saturation in 5–20 s) frequently exceedin
outward currents closely resembled the kinetic characteristics of the depolarization-activat
P949A, F947P/P949A, and V948P/P949A mutant channels. Dashed line indicates zero currefunctionally rescued by introducing a proline upstream (−P) or
downstream (+P) of position 949. In a similar approach, Labro et al.
[30] showed that the nonfunctional alanine mutation of the “PVP”
motif in the S6 segment of the human voltage-gated potassium
channel Kv1.5 could be rescued by the introduction of a proline
upstream or downstream of the ﬁrst proline and that the positions
−2, −1, or +3 were crucial for rescuing. For TRPA1, the double
mutant channels F947P/P949A, V948P/P949A and P949A/I950P did
not respond to AITC at−70mV, suggesting that neither the−2P,−1P
nor +1P mutations rescued P949A.
Stimulation with repeated brief (60 ms) voltage step protocols,
ﬁrst in the absence and then in the presence of 200 μM AITC,
revealed a strong activation at positive potentials in the P949A, −1P
and +1P mutants (Fig. 4A). These latter two double mutants clearly
differed from P949A and the wild-type channel in their activation/
deactivation kinetics and AITC-mediated potentiation. The currents
mediated through the −1P and +1P mutants gradually increased in
outward amplitude upon repeated voltage stimulation, indepen-
dently of the presence of AITC. Mutation P949T also caused the
complete loss of AITC responsiveness at negative holding potentials.
In contrast to P949A, the voltage-induced currents through P949T
were potentiated after AITC application and this effect was irre-
versible throughout the period we studied (Fig. 4B). We also
observed important differences in the voltage-dependent gating
and rectiﬁcation properties between wild-type TRPA1 and the P949E,
P949H, and P949K mutants, which, as will be shown later, most likely
arise from differences in Ca2+-permeability.
We further replaced the proline at position 949 with glycine, a
residue that might reintroduce conformational ﬂexibility into the α-
helix structure [30]. The P949G mutant was 64% (AITC at −70 mV),
187% (voltage-induced currents at +200mV), and 72% (AITC-induced
potentiation of voltage activated outward currents) as active as the
wild-type TRPA1 (Fig. 4C–E). The voltage-dependent gatingxibility in the S6 α-helix. (A–B) Mutations at P949 lead to functional channels with
9G. Series of voltage steps (from−100 mV to +200 mV; increment, +20 mV; holding
00 μM AITC preapplied for 20 s (indicated above). Lower trace in A, AITC (200 μM) was
ness to AITC (C) and voltage (D). (E) Current–voltage relationships obtained from the
f the pulse in the absence (ﬁlled symbols) and the presence of AITC (open symbols),
tial of−70mV. (F) Representative current trace illustrating the expression, functionality
olding potentials (at +150 mV but not at +70 mV), the double mutant channels gave
g the upper input range limit of the ampliﬁer (20 nA). The kinetic hallmarks of these
ed currents through the wild-type TRPA1. Similar results were also obtained with the
nt level.
1284 J. Benedikt et al. / Biochimica et Biophysica Acta 1793 (2009) 1279–1288properties, measured ﬁrst in the absence, then in the presence of
200 μM AITC (measured at the peak amplitude) and then after
washing out AITC (N50 s), closely resembled those of the wild-type
channels (Fig. 4E). This data suggests that at the position of proline
949, the channel only tolerates a residue that allows for conforma-
tional ﬂexibility in the S6 α-helix.
3.3. The role of the distal bi-glycine GXXXG motif in TRPA1 gating
Our whole-cell results point to an important functional role for the
two distal glycines G958 and G962, both of which appear to be critical
for the AITC- and voltage-dependent activation of TRPA1. The G958A
mutation strongly decreased the inactivation rate of AITC-induced
whole-cell currents, whereas the G962A mutation led to a dramati-
cally delayed onset of the secondary phase of AITC-induced activation.
These two glycines are well aligned with the functionally important
G432 and G352 from the distal bi-glycine motif G(X)3G of the
conserved IS6 domain of the CaV1.2 and CaV2.3 channels ([31] and
Fig. 1A). We wondered whether an analogous distal bi-glycine motif
could play a similar role in TRPA1. To further address the general
topology of the inner pore-forming S6 domain and the predicted
potential roles of glycines G958 and G962 in TRPA1 gating, we
studied the effects of alanine substitutions at these positions onFig. 5. Changes in TRPA1-mediated spontaneous single-channel activity introduced by alanin
−100 mV. (A) 10-s traces of representative cell-attached recordings are shown for wild-ty
Below each trace, selected events are shown on an enlarged time scale (by a factor of ten f
amplitudes for wild-type TRPA1 (left). The open dwell-time distribution (right) was ﬁtted
channel conductance but signiﬁcantly prolonged mean open time. (D) Activation gating pr
mutant. Cell was clamped at a holding potential of−70mV, and 60 ms pulses to voltages fro
repeatedly at the indicated intervals. AITC 200 μM was preapplied for 20 s. Dashed line indTRPA1 single-channel properties in cell-attached membrane patches.
After gigaseal formation, spontaneous single-channel openings were
consistently observed in the wild-type (see also [2]) as well as in the
mutant channels and their activity was increased in the presence of
AITC (10 μM). Most of the patches with wild-type TRPA1 and G958A
contained multiple channels with a relatively high probability of
channel opening even in the absence of AITC, thus making it difﬁcult
to systematically perform a detailed analysis of the dwell-time
distribution for their closed states. The kinetic behavior of the
spontaneously active wild-type channels recorded at a holding
potential of −100 mV appeared to be stationary and homogenous
throughout the period tested (50–120 s), and thus these recordings
were used as a control. Fig. 5A–C illustrates representative cell-
attached recordings obtained with the wild-type, G958A, and G962A
channels in control bath solution. The WT channel exhibited
openings with a distribution that was ﬁtted to the sum of two
exponentials, with decay times 2.1±1.1 ms (31.3±11.4%; n=3) and
8.0±0.9 ms at −100 mV. Mutating G958 to an alanine led to an
increase in the channel mean open time (6.5±2.3 ms; 33±12%; and
32.3±6.0 ms; n=3) without affecting the single-channel conduc-
tance (10.6±0.4 pA in WT vs. 9.8±0.2 pA in G958A; P=0.147). In
contrast, G962A exhibited short-lived ﬂickery openings at both
positive and negative potentials, of which very few individuale mutations in the conserved distal bi-glycine motif. All the recordings were obtained at
pe, G958A and G962A channels. Dotted lines denote the closed channel current levels.
or WT and G958A, a factor of a hundred for G962A). (B) Distribution of single-channel
to the sum of two exponential functions. (C) Mutation of G958A did not affect single-
operties of G962P mutant TRPA1 channel. Representative current trace for the G962P
m−100 to+200mVwere imposed in steps of 20 mV. The voltage protocol was applied
icates zero current level.
Fig. 6. Charge-altering point mutations map the location of critical residues within the
putative inner pore region of TRPA1. (A) Charge-altering mutations at P949 produce
different functional phenotypes of the voltage-dependent (a) and AITC-dependent (b)
activation of TRPA1. The inset shows a modiﬁcation of the voltage protocol used for the
P949K mutant. (B) (Left) Voltage-evoked currents mediated by G958R in the absence
and in the presence of AITC (200 μM) preapplied for 20 s. Voltage protocol as in Fig. 1D.
(Right) Current–voltage relationships from the recordings shown in the left panel,
measured at the end of the pulse in the absence (ﬁlled symbols) and the presence of
AITC (open symbols).
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discernible individual openings were to lower-than-maximum
observed conductance levels (∼−4 pA at −100 mV), suggesting
that G962 (unlike G958) might be involved in the ion permeation
process, or, alternatively, the individual openings occur at frequencies
beyond our recording resolution. In addition to conﬁrming our
whole-cell data, these single-channel results indicate that the glycine
G958 is required for proper channel gating, whereas the glycine G962
is important for ion permeation and/or channel gating.
To further explore to what extent the properties of the side
chains at the Gly958 and Gly962 positions are crucial for channel
activation, we examined, in whole-cell recording mode, the effects
of highly non-conservative substitutions at these two sites. The
G958V, G958P and G962P mutations gave rise to functional
channels but caused strong defects in the channel's ability to be
activated by 200 μM AITC at negative membrane potentials. The
mutants retained only approximately 56% of the wild-type voltage
sensitivity (the amplitude of the voltage-induced currents measured
at +200 mV) and were still capable, although to a lesser degree, of
being potentiated by AITC at strongly depolarizing potentials. Unlike
in the wild-type channel, this potentiation was irreversible upon
washout of AITC. An abrupt irreversible increase in current in the
outward direction was frequently observed during and after AITC
application, suggesting that the channels remained locked in their
activated state (Fig. 5D).
3.4. Charge-altering point mutations within the inner pore S6 helix
identiﬁed G958 as an important structural determinant of rectiﬁcation
properties
The mutation-induced changes in the TRPA1 channel's function-
ality may not only stem from changes in gating, but may alter the ion
permeation or selectivity properties of the channel [32]. To estimate a
range of possible impacts of such changes on the activity of TRPA1, we
introduced charged residues at the critical sites P949 or G958 and
measured the AITC and voltage-induced whole-cell currents. Muta-
tions P949E and P949H had strong effects on several aspects of
channel function: (1) reducing the response to AITC at −70 mV, (2)
slowing the voltage-dependent activation/deactivation kinetics, (3)
increasing the tail currents that arise upon repolarization to−70 mV
from various test potentials and (4) increasing the current variance at
depolarizing potentials (Figs. 6A and 7). In the P949Kmutant channel,
the AITC-dependent inward currents at −70 mV lacked the steep
secondary phase, and reached their maximum levels within the ﬁrst
2–3min after drug application. Even by applying a strong driving force
for cation entry (−120 mV), only very small tail currents were
inwardly directed, indicating that the positive charge interferes with
the permeation of cations in the inward direction but not the outward
direction. The introduced charged residues probably interferewith ion
conduction but also strongly inﬂuence the channel's gating kinetics.
Intriguingly, the charge-reversal mutation in cytosolic residue K969E
had similar functional effects on the voltage-dependent gating
kinetics as the P949E and P949H mutations (unpublished observation
of A.S.).
To further characterize the spatial relationships within the
conduction pathway of the inner pore region, we mutated G958 to
the positively charged residue (G958R). This mutation converted the
channel phenotype to prominent inward rectiﬁer channels that were
constitutively active at negative holding potentials and very slightly
affected by AITC (Fig. 6B). The reversal potential was shifted from
0.1±1.6 mV to −12.6±1.3 mV (n=5 and 7), which might be
indicative of a reduction in relative Ca2+ permeability. These
ﬁndings were somewhat unexpected, since one of the most common
mechanisms underlying the inward rectiﬁcation in other channels,
including inward rectiﬁers, is a block of outward currents by intra-
cellular Mg2+ or polyamines, a process that is mediated by negativelycharged residues acting as electrostatic attractors. Such a role would
normally be expected for a double ring of negatively charged residues,
D963 and E966, in the predicted inner vestibule of the TRPA1 channel.
To determine whether this portion of the structure lines the ion
permeation pathway or whether it may be also involved in gating, we
tested the consequences of replacing these residues with positively
charged ones (Fig. 7C). Mutation D963K completely eliminated
currents at negative potentials but showed a strong outward
rectiﬁcation that was instantaneous upon depolarization, indicating
that the inward movement of cations through the conduction pathway
is blocked by the positive charge. Similar but less intense changes
were seen in the conservative mutant D963N (data not shown),
implying that the charge issue alone is unlikely to explain the
functional changes caused by mutations at this position. Mutation
E966K produced a slowing of both the activation and deactivation
kinetics, but retained normal rectiﬁcation properties and reversible
responsiveness to AITC. The same effects were also seen in E966Q,
indicating that E966 is not well situated within the transmembrane
electric ﬁeld and neither sterically nor electrostatically contributes to
forming the ion conduction pathway. Rather, it plays a role in channel
gating itself.
3.5. The potential role of extracellular Ca2+ in the mutation-induced
changes
Our recordings described above were made in the presence of
1 mM Ca2+ in the external solution and thus the changes observed as
alterations in gating properties should be considered as a complex
dynamic process, since calcium ions both carry the current and affect
the gating properties of TRPA1 as they pass through the channel
Fig. 7. Charge-altering point mutations of critical residues within the putative inner pore region of TRPA1. (A) Plot of the variance vs. the mean current measured from the
macroscopic currents induced in response to voltage steps from −100 mV to +200 mV (the same protocol as in Fig. 1D). Each point in this graph represents the values of mean
current plotted against variance measured over 8 ms at the end of each voltage pulse (i.e. σ2(V)= i(V)· I(t,V)−(I2(t,V)/N), for V=−100,−80,…, +200 mV). Data was ﬁltered at
2 kHz (−3 dB, four-pole Bessel ﬁlter) and digitized at 40 kHz. The purpose of this representation is to illustrate the range of possible impacts of charge-replacing mutations on the
single-channel current amplitude (estimated for each voltage from the slope of the variance-mean relation at bIN=0) and the probability of ﬁnding the channel open (i.e. effects on
kinetics). Although a more detailed analysis would be needed, this relationship supports the conclusion that the signiﬁcant decrease in AITC-induced current amplitude in the P949E,
P949H, K969E and P949K mutant channels reﬂects changes in their gating behavior. (B) Normalized tail currents obtained in control extracellular solution by stepping to−70 mV
from various test potentials. The P949H and P949E mutations signiﬁcantly slowed deactivation kinetics. The voltage dependence of isochronal tail current amplitudes was measured
1.3–2.5 ms after returning to the holding potential of−70 mV. (C) Representative current traces in response to a family of voltage steps (protocol as in Fig. 1D) in the absence and in
the maintained presence of AITC (200 μM) preapplied for 20 s. (D) Rectiﬁcation properties (I+120 mV/I−60 mV, ﬁlled bars; right ordinate) and the averaged peak responses of the
mutants to maximal voltage-induced and AITC-induced activity (open bars; left ordinate).
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TRPA1 activation, potentiation and inactivation, it is conceivable that
some of the above-describedmutational effects may reﬂect changes in
channel permeation. For mutants with fundamental gating alterations
(P949A, P949G, P949K, P949E, G958A, G958R, G962A, D963N), we
therefore set out to test whether the mutation-induced changes could
be attributed to changes in the permeation of Ca2+ through the
channel. We used a similar approach as described in [27] and
measured the degree of potentiation of the cinnamaldehyde-induced
currents after the addition of 2 mM Ca2+ to the bath solution. In these
permeation experiments, cinnamaldehyde (Cin) was used instead of
AITC, because the mechanism of Ca2+-potentiation and inactivation is
independent of the speciﬁc agonist used to activate TRPA1 and has
been more thoroughly studied on Cin-induced currents [27]. In the
wild-type TRPA1 channel, cinnamaldehyde at a concentration of
100 μM applied for ∼40 s (until the plateau was reached) in the
absence of extracellular Ca2+ activated inward currents that persisted
following washout. The addition of 2 mMCa2+ potentiated the inward
currents by 14.8±4.4 fold at−80 mV (n=6) (Fig. 8A and B) which is
in good agreement with values previously reported [27]. The Ca2+-
induced potentiation of the P949G mutant was not signiﬁcantly
different from the wild-type receptor (13.0±1.9; n=5). In G958Aand D963N, the Ca2+-induced potentiation of cinnamaldehyde-
evoked responses was signiﬁcantly reduced (Fig. 8B). In contrast, no
such potentiation was detected in cells expressing the other mutants
P949A, P949K, P949E, G958R or G962A. This data indicates that in
these mutants, the changes in current density and/or in gating
kinetics may be caused by mutation-induced alterations in ion
permeation properties.
In order to further distinguish if the decrease in potentiation of
inward currents by Ca2+ was due to the changes in Ca2+ permeability
or could be attributed to saturation of the activation, wemeasured the
Ca2+ permeability relative to Cs+ by using a ramp depolarization
(1 V/s) in bi-ionic conditions similar to those described previously in
[27]. Inward currents were activated by ∼40 s exposure to cinnamal-
dehyde and voltage-induced currents were measured ﬁrst in Ca2+-
free bath solution and then in the high Ca2+ bath solution (128 mM
Ca2+). In agreement with the above report, wild-type TRPA1 channels
exhibited relative permeability PCa/PCs of 2.8±0.2 (n=9). The P949A,
P949K, P949E, G958A, G958R, G962A, and D963N mutations led to a
reduction in Ca2+ permeability (Fig. 8C and D). This was in striking
contrast to P949G mutation, which yielded channels with unchanged
permeability to Ca2+ (PCa/PCs=2.7±0.3; Pb0.05; n=6). Taken
together, this data indicates that mutations at positions 949, 958,
Fig. 8. (A) Potentiation and inactivation by extracellular Ca2+ in TRPA1mutants. Example of inward currents elicited in response to 40 s exposure to cinnamaldehyde (100 μM) inWT-
TRPA1, P949A, and D963N-expressing HEK cells. Holding potential−80 mV. The extent of potentiation by the subsequent addition of 2 mM Ca2+ was measured. (B) Average data
from experiments as in A. Potentiation was measured as the − fold increase in the current amplitude following the introduction of 2 mM Ca2+. (C) Examples of the currents in
response to a ramp depolarization (1 V/s) in bi-ionic conditions similar to those described previously in [27]. Inward currents were activated by ∼40 s exposure to cinnamaldehyde
(100 μM) and the voltage-induced currents measured ﬁrst in Ca2+-free bath solution and then in the high Ca2+ bath solution (128 mM Ca2+). The arrows indicate the reversal
potential of the currents with the high Ca2+ bath solution. (D) Ion selectivity measurement (PNa/PCs and PCa/PCs were calculated based on the reversal potential of the currents as
measured from experiments using the same protocol as in C, ﬁrst in Ca2+-free bath solution and then in the high Ca2+ bath solution (for Na+ or Ca2+ as the only permeant ion).
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indirectly inﬂuence the Ca2+-dependent gating of the channel.
4. Discussion
Overall, our ﬁndings demonstrate that 11 of the 16 residues
tested are sensitive to mutation with respect to at least one stimulus
modality: voltage, AITC or their interaction. Analogous to what has
been proposed for other polymodal TRP channels [23,33–35],
distinct activating stimuli like voltage, AITC, and Ca2+ regulate the
TRPA1 channel opening in an allosteric manner and converge at the
activation gate.
The multiple alignment between the S6 domain of TRPA1 and the
sequences of several voltage-gated potassium (KV) and calcium (CaV)
channels shows a good match for the distal bi-glycine motif G(X)3G
[36–39], in which G962 corresponds to the functionally important
G432 and G352 in the IS6 of the CaV1.2 and CaV2.3 channels ([31] and
Fig. 1A). Our results suggest that G958 and G962might play analogous
gating roles in TRPA1. The ﬁnding that G958 tolerates mutation to
alanine may indicate that it does not play a role as a ﬂexible hinge for
the bending motion of S6 segments. This residue is, nevertheless,
required for proper channel gating and its small side-chain volume
appears to be required for normal packing of the inner helices
comprising the G(X)3G motif. Stabilization of the S6 α-helix by analanine mutation at G962 may narrow the inner vestibule of the
channel and this constriction then severely affects its ion permeation
properties and/or ion conduction through the pore. Mutation-
induced reduction in the amount of calcium that enters the cell
could also provide an explanation for the delay in the onset of the
second, Ca2+-dependent phase of the macroscopic whole-cell
currents (Fig. 2A). There are several reasons to consider that the
functional changes in G958A and G962Amight occur via a direct effect
on the gating of the channel rather than by disrupting potentiation
and inactivation through reduced Ca2+ inﬂux. Bulky side chains at the
bi-glycine “hot spot” [37] make the channel more difﬁcult to open and
close, thus indicating that both residues may contribute to the inter-
helical packing of the channel [31,37,38,40,41]. This hypothesis is
further strengthened by three ﬁndings: (1) L959A showed a slowing
of the deactivation kinetics and a leftward shift in the voltage-
dependent activation curve (Fig. 3B). (2) Mutant N954A was
constitutively conducting. This highly conserved residue, containing
two polar side-chain atoms, is located one helical turn upstream of
G958. It has a tendency to drive a strong transmembrane helix
association [42,43] and thus the inter-helical interactions in this
region may be important to the gating process. It is noteworthy that a
mutation to alanine of the analogous position N676 in the TRPV1
channel was inactivating [18] and N225 at homologous position in
NaChBac has been recently identiﬁed as a critical residue required for
1288 J. Benedikt et al. / Biochimica et Biophysica Acta 1793 (2009) 1279–1288stabilizing the open conformation of the channel [44]. (3) The
substitution of the neighboring hydrophobic residue L955 for glycine,
but not for alanine, partially inactivates the channel, most likely
through destabilizing this critical portion of the inner S6 α-helix.
Although our data indicates that the activation gating of the
channel is ﬁne-tuned by many sites within the putative inner pore
region, the new ﬁndings of this study provide essential evidence in
favor of an important functional role for both conserved ‘classical’
points of S6 helix local ﬂexibility: the proline-containingmotif and the
distal bi-glycine motif. P949 is structurally required for channel
opening and closing, whereas the distal G962 plays a critical role in
stabilizing the open conformation of the channel. G958, on the other
hand, provides additional tuning leading to decreased channel
activity. The observed effects of E-to-Q and E-to-K mutations at
position 966, however, suggest that the domain regulating opening
and closing of the channel may extend to the cytoplasmic region,
putatively located near the inner mouth of the channel pore. Further
studies should clarify the role of these residues in the processes by
which the TRPA1 protein translates the initial activation events (AITC
or Ca2+ binding, voltage change) into the allosteric conformational
changes that cause channel opening.
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